Abstract Batch contact experiments with several porous carbon materials showed that carbon solids spontaneously reduce the oxidation state of plutonium in 1-1.5 M acid solutions, without significant adsorption. The final oxidation state and rate of Pu reduction varies with the solution matrix, and also depends on the surface chemistry and surface area of the carbon. It was demonstrated that acidic Pu(VI) solutions can be reduced to Pu(III) by passing through a column of porous carbon particles, offering an easy alternative to electrolysis with a potentiostat.
Introduction
Plutonium is the most abundant transuranic element, as it has been produced on a large scale for nuclear weapons, and is a component of spent nuclear fuel. The study of Pu chemistry is important for research involving nuclear forensics, the nuclear fuel cycle, and environmental stewardship. The chemistry of plutonium is very complex, with four different stable oxidation states available under various environmental conditions, which often coexist in solution [1] . The distinctive optical absorbance spectra of the Pu oxidation states are well documented [2] , and can be used to identify the aqueous species. Manipulation and control of the oxidation state of plutonium is applicable to almost all processes involving remediation, separation and chemical purification of plutonium. For example, most common procedures for chemical separations of Pu from U and other elements, such as the PUREX process, include a Pu reduction step [3] . Furthermore, Pu precipitation procedures, such as LaF 3 co-precipitation, generally require the lower oxidation states (III) and (IV) [4] . Thus the reduction of Pu(V) or (VI) is often necessary for Pu recovery and concentration, but in oxic environments the reaction can be difficult and time-consuming. Electrochemical methods using a potentiostat are generally preferred for preparation of the different Pu oxidation states in actinide chemistry laboratories [5] . Reduction of Pu in any oxidation state at a platinum cathode will yield Pu(III), but if the starting oxidation state is Pu(V) or Pu(VI), the reduction can be prohibitively slow due to the large overvoltage required for the Pu(V)-Pu(IV) reduction. Alternative methods generally involve the addition of chemical reducing agents, such as Fe(II) [6] or NO 2 - [7] . However, the addition of reducing agents can further complicate the solution chemistry, leading to more purification steps.
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Thus, the reduction of Pu to lower oxidation states by simple contact with a solid surface would be very useful in actinide chemistry.
In our previous works [8, 9] both as-synthesized and chemically oxidized ordered mesoporous carbons (OMCs) showed increased Pu sorption capacity compared to amorphous activated carbon (AC), and X-ray absorption spectroscopy (XAS) showed that oxidized Pu(V/VI) was reduced to Pu(IV) at the OMC surface in solutions with pH 2-7. In those samples, at least 70 ± 10 % of the Pu was extracted from the solid phases by 1-1.5 M HCl or HClO 4 , resulting in aqueous Pu(III). Experiments described in this paper were performed to determine whether spontaneous reduction of Pu would occur in acidic solutions upon contact with mesoporous carbon surfaces, without the intermediate Pu sorption step.
Experimental Solid materials
A total of eight different porous solid materials were investigated. These were all powders with variable particle morphologies, and particle sizes generally in the range of 1-300 lm. The four OMC powders [9] ; C-CS, C-CS-COOH, FDU-16, and FDU-16-COOH are amorphous carbons that have ordered pore structures on the nm scale, with narrow pore size distributions. The oxidized OMCs FDU-16-COOH and C-CS-COOH were produced via liquid oxidation treatment of FDU-16 and C-CS, respectively. Two commercially available carbonaceous materials, AC and graphene nanoplatelet aggregates (GNA), were tested without any prior surface treatment. The mesoporous silica SBA-15 [10] was also tested because it is a highsurface area porous powder that was not expected to participate in redox reactions. Ordered mesoporous carbon spheres (OMCS) [11] were tested primarily in column experiments because they are chemically and structurally similar to C-CS, but have a spherical shape and regular particle size of 60 ± 10 lm.
The syntheses of the four OMC powders FDU-16, FDU-16-COOH, C-CS, and C-CS-COOH are described in the supporting information for our previous manuscript [9] . SBA-15 mesoporous silica was synthesized using standard procedures [10] . The commercial carbonaceous materials AC (LOT# A4301040) and GNA (LOT# 23104800) were purchased from Strem Chemicals. The spherical OMC particles OMCS were synthesized according to the previously published procedure [11] . The pore volume, Branauer-Emmett-Teller (BET) surface area, and BarrettJoyner-Halenda (BJH) pore diameters were derived from N 2 adsorption isotherms as described in Ref. [9] for FDU-16, FDU-16-COOH, C-CS, and C-CS-COOH and Ref. [8] for AC. The N 2 adsorption isotherm of the SBA-15 was collected by Quantachrome Instruments on the Autosorb iQ at -196°C after outgassing 16 h at 150°C. The BET surface area of the GNA was provided by the manufacturer. The C, H, N and O contents of the FDU-16, FDU-16-COOH, C-CS, and C-CS-COOH samples were measured on a Vario EL III elemental analyser [9] . The C, H, and N contents of AC, OMCS, and GNA were determined using a Perkin Elmer 2400 Series II combustion analyzer, and the remainder of the samples was assumed to be O. The mesostructures of the OMCs were verified using smallangle X-ray scattering (SAXS) and transmission electron microscopy (TEM), as described in Ref. [9] . TEM micrographs confirmed the 2d-hexagonal mesostructure of the SBA-15, these were collected using a Hitachi H-7650 TEM set at 120 kV, in imaging mode with an AMT camera.
Solutions
All acids were ACS reagent grade or higher purity, and diluted with 18.2 MXcm doubly distilled (Milli-Q) water. 239 Pu was prepared from dissolved PuO 2 and purified by anion exchange, as described in our previous work [8] , and analyzed by alpha and gamma spectrometry. The eluted HCl/HI Pu solution was refluxed with concentrated HCl several times to remove HI, and a portion was removed for experiments before digesting the remaining solution in HNO 3 several times. A portion of the nitric acid Pu solution was removed for experiments, and the remaining solution was refluxed several times with 70 % HClO 4 (double distilled from VYCOR, G.F. Smith) over at least 3 h to prepare Pu(VI) stock solution. Quantitative analysis of 239 Pu solutions was achieved with a Wallac 1414 Liquid scintillation counter (LSC) operating in a/b discrimination mode. Duplicate 5.00 lL aliquots were measured for at least 5 min each, in 5.0 mL of Ecolume scintillation cocktail.
Spectroscopy
All VIS-NIR absorption spectra were acquired using an OceanOptics S2000 fiber-optic spectrometer. Spectra were collected in absorbance mode by averaging at least 20,000 and up to 100,000 scans with an integration time of 6-8 ms, using OceanOptics Spectrasuite software. Reference spectra were stored and subtracted from each measured spectra by scanning acid solutions of the same composition, and prepared on the same day as the actinide solutions being examined. Quartz cuvettes with a 1 cm path length were used to collect Pu spectra, and were rinsed three times with the appropriate acid in between measurement of different solutions. The optical absorbance spectra were used to qualitatively examine the oxidation state of the solutions. Unfortunately, the spectrophotometer had large and variable instrumental noise in the UV region, which produced background absorbance below 500 nm. The baseline of each plotted spectra has been adjusted simply by setting the minimum absorbance to zero.
Batch contact experiments
Batch samples were prepared in polypropylene tubes that had been soaked in 10 % HCl followed by Milli-Q water and thorough rinsing. All experiments were performed in duplicate, at room temperature in a negative pressure glovebox. The batch sorption experiments are described in previous work [8, 9] . For the desorption experiments, the bulk of the pH 4 perchlorate liquid phase was removed by pipette, and 1.00 mL of 1.0-1.5 M HCl or HClO 4 was added to the solid sample, which again rocked gently for 24 h. Desorption of Pu was quantified by LSC, and Vis-NIR spectra of the liquid phase were measured as described above.
Batch contact samples were prepared with various acidic solutions and solid powders with a liquid-to-solid ration of 200 ± 10 mL/g, in which the sorption step was completely omitted. For every solution condition a control sample was prepared, which contained the plutonium solution and no solid. Samples of 1.25 ± 0.05 mM Pu(VI) in 1.25 ± 0.05 M HClO 4 were prepared from concentrated HClO 4 stock Pu solutions, and contacted with C-CS, C-CS-COOH, SBA-15, FDU-16, FDU-16-COOH, AC, and GNA. Samples of C-CS and C-CS-COOH were also prepared with 1.25 ± 0.05 mM Pu in other acid matrices. After rocking gently for a given amount of time, the samples were allowed to settle, and the solution was removed and centrifuged at 7000 rpm for at least 7 min before most of the solution was transferred to the cuvette for optical absorbance spectroscopy. Aliquots were also measured by LSC to determine if any sorption occurred. After measurement the solution was returned to the original polypropylene vial and rocked until the next measurement. Absorbance spectra of the control samples were measured immediately after preparation, then several more times up to 30 days to show the stability of the Pu oxidation states in each matrix. Batch reduction capacity tests of activated carbon and OMC microspheres also used 1.25 ± 0.05 mM Pu(VI) in 1.25 ± 0.05 M HClO 4 , but with larger liquid-tosolid ratios up to 750 ± 20 mL/g, and 1 week total contact time.
Column experiments
Proof-of-principle experiments were performed with both C-CS and AC, to see if Pu(VI) solutions could be reduced by passing through a column packed with porous carbon particles. The column has the advantage of simplicity and complete phase separation. Approximately 30 ± 2 mg of activated carbon or C-CS was packed into a glass column (2 cm 9 2.5 mm) as a slurry in 1 M HClO 4 , and solutions of Pu (1.25 ± 0.05 M HClO 4 and 1.20 ± 0.1 mM Pu(VI)) were loaded onto the column, and directly eluted at an average rate of 10 s per drop. This rate required argon pressure in the AC column, but not the C-CS column, and corresponds to approximately 15 min per 1 mL aliquot of Pu(VI) solution reduced. The AC column was also tested by gravity elution with no pressure, which took more than 1 h per mL. As an initial assessment of the reproducibility and limitations of such columns, triplicate columns were prepared that contained 33 ± 2 mg AC or OMCS. Up to 16 mL 1.2 ± 0.1 M HClO 4 and 1.2 ± 0.1 mM Pu(VI) were pushed through each column with argon pressure, and collected in approximately 1 mL fractions for absorption spectroscopy and LSC analysis. The flow rate in the column experiments was difficult to control, and varied considerably in the AC columns, from 4 s per drop with high argon pressure, to approximately 2 min per drop without pressure. The average number of minutes and standard deviations for elution of each 1.0 ± 0.2 mL fraction were 33 ± 24 for AC columns, and 24 ± 3 for OMCS columns.
Results and discussion

Solid materials
The carbon powders represent a wide range of pore structures, surface areas, and elemental compositions, summarized in Table 1 . FDU-16 and C-CS are un-functionalized OMCs that differ in their synthesis and structural properties. FDU-16 particles are larger overall with thicker pore walls and a single network of 2.7 nm pores, while C-CS has a bimodal pore size distribution and exceptionally high surface area. The oxidized OMCs FDU-16-COOH and C-CS-COOH have high concentrations of carboxyl, hydroxyl, and other oxygen-containing functional groups at their surface, but greatly reduced specific surface area compared to their untreated counterparts [9] . AC has a relatively high specific surface area but is completely amorphous, with a wide pore size distribution. The AC used in this study has a relatively low concentration of oxygen-containing surface groups [8] , similar to the unoxidized OMCs. The GNA material theoretically contains only single layers of sp 2 -hybridized carbon, in contrast to the other 6 carbonaceous materials studied, which are all composed of the amorphous allotrope.
Batch contact experiments
We previously observed that Pu(V) and (VI) are reduced by mesoporous carbons to Pu(IV) in pH 2-7 solutions, and adsorb almost quantitatively to the carbons under those conditions [8, 9] . When stripping Pu from sorption samples it was noted that the Pu is further reduced to the trivalent state upon extraction into 1-1.5 M HCl or HClO 4 . These observations indicate the utility of OMCs for concentration, recovery and reduction of Pu(IV/V/VI) from large volumes, with little effort. The further reduction of Pu(IV) to Pu(III) might be expected due to the increased stability field of Pu(III) with increasing solution acidity [12] . However, the carbon is clearly responsible for the reduction, as the solutions are open to air and neither Pu(IV) nor Pu(VI) are spontaneously reduced to Pu(III) in acid alone. A new set of batch experiments was performed to test whether OMCs and other porous carbon materials would reduce Pu by contact in acidic solutions, from which no significant adsorption to carbon particles was expected. Table 2 summarizes oxidation state changes of Pu(VI) in HClO 4 upon batch contact with 4 OMCs (FDU-16, FDU-16-COOH, C-CS, C-CS-COOH), 2 commercially available carbon powders (AC and GNA), and SBA-15 mesoporous silica. Figure 1 shows example absorbance spectra of a control sample of Pu(VI) with no solid. The majority of the Pu in the control sample remains in the hexavalent state over the 30 days period, and the slow introduction of Pu(V) (evidenced by increased absorbance around 570 nm) and Pu(IV) (peaks near 470 nm and 650 nm) is consistent with the expected pattern of radiation-induced autoreduction [13] . As expected, no redox activity was observed for SBA-15, the measured absorbance spectra were the same as the control spectra. Pu(VI) was reduced to Pu(III) upon contact with the carbon powders, as demonstrated in the example spectra shown for C-CS-contacted Pu in Fig. 2 . Because of instrumental noise in the UV region, it was not possible to completely exclude the possibility of Pu colloids in the solutions. However, the spectral features of Pu(III) were clear, with absorbance values in agreement with the total Pu concentration. Example spectra of Pu solutions after contact with all of the carbon materials are available as supplemental information. LSC assays showed that less than 7 ± 10 % of the Pu adsorbed to the carbon in all of the HClO 4 samples. This was expected because the net surface charge of the carbon materials is positive under these conditions [8, 9] and it is remarkable that the Pu reduction reaction occurred despite the net electrostatic repulsion between the aqueous Pu and carbon surfaces. To our knowledge, the spontaneous reduction of Pu(VI) to Pu(III) by carbonaceous materials has not previously been reported in the literature, but the electrocatalytic properties of carbon nanotubes and graphene toward the Pu(III)/(IV) redox couple were recently noted [14, 15] . The reduction of Pu by porous carbon with no external electron source is an important observation, as mesoporous carbons and graphene based materials have gained attention in recent years for sorption and solid-liquid extraction of actinides [8, 9, [16] [17] [18] [19] [20] [21] [22] .
The reduction mechanism is not yet fully understood, and several possibilities can be proposed, including oxidative dissolution of carbon, or oxidation of existing C-H, C-OH, C = O, and quinonoid moieties on the surface. All of these reactions appear thermodynamically favorable based on standard reduction potentials [23] , and considering that Pu(VI) reduction is achieved by OMCs with very different surface chemistry, the predominant redox reactions may vary with the samples. Although the standard reduction potential of the Pu(VI)/Pu(III) couple is relatively high, 1.002 V versus SHE [23] , in practice a large positive cell potential of about 0.78 V must be maintained for up to several hours to complete the reaction. Quantitative reduction of Pu occurred relatively quickly in C-CS and AC samples, suggesting that the kinetic barrier associated with Pu(VI) reduction was overcome, possibly due to the electrocatalytic property of the carbon structures.
The reduction of Pu(VI) via oxidative dissolution of carbon to form CO, CO 2 , HCHO 2 , or H 2 CO 3 is spontaneous, with positive standard cell potentials of 0.4836, 0.7947, 0.474, and 0.732 V, respectively [23] . The resulting species could release gas or dissolve into the solution phase, but may also create surface oxides [24] . No gas bubbles were observed to indicate release of CO or CO 2 gas, but the concentration would likely have been too low to visually observe. Results of the column experiments (discussed in the following section) showed the carbon materials have a finite capacity for Pu reduction, which indicates that if dissolution occurred, the oxide products may have anchored to the surface, protecting it from further dissolution. It has been reported that despite apparent thermodynamic instability, solid carbons are relatively corrosion resistant in aqueous solutions (without Pu or additional oxidants) because the oxidative dissolution reactions are highly reversible [24] . Analysis of the solution phase for total organic carbon content following the redox reaction would help determine the extent of carbon dissolution, and this information is needed before solid carbon can be applied for routine manipulation of Pu solutions. Characterization of functional groups on the carbon surfaces after the reaction would also help to elucidate the mechanism, but unfortunely no such analyses were available for the current study.
It is also possible that functional groups already present on the carbon surfaces act as reducing agents. Porous, amorphous carbons often have high concentrations of reactive edge sites, where C-H, C-OH, and C = O groups could be oxidized to form C-OH, C = O, and COOH groups, respectively. These appear thermodynamically favorable, as standard reduction potentials of the corresponding half-reactions involving methane, methanol, and acetic acid are all less positive than that of the Pu(VI)/(III) couple [23] . It should be noted, however, that the reduction potentials of functional groups can vary considerably on carbon surfaces [24] . The spontaneous reduction of other metal ions, such as Ag ? , Pt 4? , Pd 2? , and Au 3? , has previously been observed on activated carbon fibers, and it was generally proposed that the oxidation of functional groups on the carbon surface causes metal reduction [25] [26] [27] [28] . Chen et al. [25] found via X-ray photoelectron spectroscopy and temperature programmed desorption measurements that the concentration of C = O groups, and to a larger extent C-OH groups on activated carbon fibers increased significantly when the fibers were impregnated with Ag by spontaneous reduction of Ag ? . The interpretation was that C-OH and especially C-H groups were the primary electron sources. If the same is true for Pu reduction, it would explain why the reaction can occur with both un-modified carbons (C-CS, FDU-16, AC, GNA) and highly oxidized OMCs (C-CS-COOH, FDU-16-COOH).
It has been suggested that quinonoid moieties, with standard reduction potentials ranging from 0.52 to 0.70 V versus SHE, control the redox behaviour of solid carbon materials [24] . The reduction of Pu by humic acid and related quinone moieties has been extensively investigated [29] [30] [31] [32] [33] . The redox properties of humic acids are generally attributed to reversible redox conversions of quinonoid moieties inherent within humic structures [34, 35] . It is feasible that oxidation of hydroquinones at solid carbon surfaces is partially responsible for Pu(VI) reduction, but seems less likely considering that the reduction potentials of these groups are highly pH-dependent, and increase with increasing [H ? ] [34, 36] . In acidic solutions, solid porous carbons appear to be stronger reducing agents toward Pu than humic acids, which have been found to reduce Pu(VI) in 1 M HClO 4 to Pu(IV) with a half-life of 10 days [31] . The kinetics of hydroquinone oxidation via reduction of Pu(VI) to Pu(V), or Pu(IV) to Pu(III) in HClO 4 have been studied [33] , but the rapid reduction of Pu(VI) to Pu(III) by hydroquinones has never been reported.
When considering the options outlined above, it is interesting to recall the different rates of batch Pu reduction observed with the different OMCs. The contact time required for complete reduction of Pu generally decreased with higher surface area (see Tables 1 and 2 , the BET surface area of the carbons follows the order C-CS [
The importance of high surface area may be understood, considering that a higher surface area provides a larger interface for PuO 2 2? ions to react with the carbon surface, and the larger conductive surface may also increase the rate of electron transport. Reduction of Pu(VI) to Pu(III) by C-CS-COOH occurred within 24 h, where reduction by FDU-16 took up to 5 days, although the two materials have similar specific surface areas (521 ± 30 and 564 ± 30 m 2 /g, respectively) and pore volumes (0.30 ± 0.02 and 0.27 ± 0.02 m 3 /g, respectively). This could be interpreted to indicate that oxygen-containing surface groups are the primary electron source. However, if this were the case, both C-CS-COOH and FDU-16-COOH should show more reduction capacity than C-CS, as they have, respectively, 11 and 3 times more phenol groups per g than C-CS, according to thermogravimetric data [9] . Indeed, C-CS reduced Pu the fastest, but does not have high enough concentration of phenol or keto groups to account for the 0.75 mmol electrons per g carbon required for the complete reduction of Pu(VI) to Pu(III) in these tests. Therefore, it appears likely that the reaction involves oxidation of the carbon framework or of C-H groups. A possible explanation for the slow reaction in FDU-16 samples is that Pu interaction with much of the FDU-16 surface is diffusion limited. The FDU-16 particles are larger, and have approximately 75 % of the surface area in micropores \2 nm diameter, compared to 11 % for C-CS and 60 % for C-CS-COOH [9] .
To indicate the versatility of the reaction, the redox activity of C-CS, and its oxidized counterpart C-CS-COOH with Pu was tested in batch contact experiments with several different acid solutions (Table 3) . Those two OMCs were selected as representatives because C-CS has the highest surface area, and C-CS-COOH the highest concentration of functional groups. The example spectra in supplemental information show the reduction of Pu(VI) and Pu(IV) to Pu(III) in HClO 4 or HCl matrices upon contact with C-CS or C-CS-COOH. These results indicate that chloride has little effect on the redox reaction, contrary to the nitrate anion. In HNO 3 , Pu(VI) was slowly reduced by the OMCs to Pu(IV) over 29 days, and the reaction occurred more slowly with C-CS-COOH than with C-CS (See supplemental Figs. 12-14) . It is not unexpected that reduction to Pu(III) was not observed in nitric acid, as both NO 3 -and NO 2 -behave as oxidizing agents toward Pu(III), and Pu(IV) may also be stabilized by nitrate complexation.
Previous sorption experiments showed that Pu(V/VI) in pH 4 solutions adsorbed to C-CS in the form of PuO 2 nanocrystals [9] . Desorption of Pu from these samples with 1-1.5 M HCl or HClO 4 yielded aqueous Pu(III), demonstrating reductive dissolution of the nanocrystals occurred. Colloids and precipitates of Pu(IV) are notoriously difficult to dissolve [1, 3] and reducing agents can increase their solubility in acid by the following reaction [37] :
We expect that reductive dissolution by porous carbon could be a new tool to aid in Pu colloid or precipitate dissolution under mild conditions. Exploratory experiments described in supplemental information showed that Pu(IV) colloids in pH 1.9 solution were partially dissolved in approximately 20 min by acidifying the solution to 1.0 M HClO 4 and passing through a column of AC particles. Furthermore Pu(IV) precipitates dissolved in 1.0 M HCl significantly faster when in batch contact with AC or C-CS carbon particles. However, more rigorous study is needed to determine the repeatability, limitations, and underlying mechanism of this potential application, as the behaviour of colloidal Pu may vary with solution conditions, process history, crystal structure and particle size.
Column experiments
Packed columns provide built-in phase separation, thus are generally more practical than batch methods for implementing solid-liquid interfacial reactions. However, due to possible differences in reaction kinetics between column and batch studies, the effectiveness of carbon-packed columns for Pu reduction must be demonstrated. Initial column experiments with both C-CS and AC showed that acidic solutions of Pu(VI) can be reduced to Pu(III) by passing through a column packed with porous carbon particles (see supplemental Fig. 21-22) . Further experiments showed that the complete reduction of Pu(VI) to Pu(III) by the AC column was only reproducible for the first 1 mL of 1.25 mM Pu(VI) solution treated, and the absorbance spectra of subsequent eluted aliquots showed mixed oxidation states. The OMC materials have the advantage of controlled and reproducible properties, and can be synthesized in the form of monoliths [38, 39] or microspheres [11] , which are optimal for column work. Preliminary column experiments were performed with OMC microspheres (OMCS) having particle diameter 60 ± 10 lm, and similar pore structure to C-CS (see Table 1 ). The results showed that at least 4 times more Pu(VI) solution could be completely reduced to Pu(III) by passing through the OMCS column than the AC column, even with a faster average flow rate through the OMCS columns. Figure 3a , b shows example absorbance spectra of fractions consecutively eluted from an OMCS column, in the regions of interest for Pu(III)/(V), and Pu(VI), respectively. Similar figures from AC columns can be found in supplemental information. The total Pu concentration of the eluted fractions was somewhat variable, averaging 1.23 ± 0.06 mM from AC columns, and 1.18 ± 0.08 mM from OMCS columns. The total recovery of Pu from the columns after a 1 mL 1.0 M HClO 4 wash averaged 98 ± 2 % for AC columns and 90 ± 2 % for OMCS columns. The higher Pu retention by OMCS may Fig. 3 Example visible absorbance spectra measured from 1.0 ± 0.2 mL fractions of 1.28 ± 0.06 mM Pu in 1.13 ± 0.05 M HClO 4 , initially Pu(VI), eluted from a 2.5 mm diameter glass column containing 33 ± 1 mg OMCS. The Pu(VI) in the first 4 mL (F2-F5) Pu solution to pass through the column were reduced completely to Pu(III), and subsequent fractions were partially reduced. Evidence of Pu(V) eluting from the column is observed for F6-17 (a), while the Pu(VI) peak is only significant after 10 mL eluted (F11-17, b)
be due to diffusion of Pu into the central cavity of the hollow microspheres.
The column experiments using only small quantities of carbon particles were designed to test the limits of the carbon columns' capacity for Pu reduction, and it is likely that larger and optimized OMCS columns would reduce greater amounts of Pu. The extent of Pu reduction appeared increasingly sensitive to the flow rate as subsequent fractions were eluted. These observations are consistent with the hypothesis that the carbons contain a limited electron source, such as one or more functional groups on the carbon surface that is oxidized in the reaction. Batch experiments were performed with higher liquid-to-solid ratios to set constraints on the AC and OMCS particles' capacity for Pu reduction. A long equilibration time of 1 week was chosen for these samples in order to remove kinetic effects. The results indicate that the capacity of the OMCS material for the 3e -reduction of Pu(VI) to Pu(III) is at least 0.94 ± 0.04 mmol Pu per g. The capacity of the activated carbon for the 3e -reduction appears to be closer to 0.5 mmol Pu per g, as a significant portion of the solution from 0.94 mmol Pu per g AC samples was reduced only to Pu(IV) (see supplemental Fig. 24) . In contrast to the batch results, 0.16 ± 0.01 mmol Pu per g OMCS and 0.039 ± 0.002 mmol per g AC could reproducibly be reduced completely from Pu(VI) to Pu(III) in the columns under the tested conditions. These proof-of-principle experiments demonstrated that porous carbon columns can be a fast and convenient way to reduce oxidized forms of Pu in 1-1.5 M HClO 4 without changing the solution matrix, adding chemical reagents, or using a potentiostat. The column parameters still need to be optimized, and the initial results indicate that control of the flow rate will be critical for maximizing the reduction capacity of each column.
Conclusions
It was demonstrated that solid porous carbon materials spontaneously reduce Pu in acidic solutions. The rate and extent of Pu reduction changes with the solution matrix, and depends on the carbon surface area and composition. The large range of oxygen content in the various mesoporous carbons that reduced Pu(VI) to Pu(III) in 1.25 M HClO 4 suggests that the pristine carbon surface, or C-H groups, as well as oxygen-containing surface groups can act as electron donors. However, more experiments are needed to elucidate the reduction mechanism, including characterization of the carbon surface groups, and total organic carbon analysis of the solution phase after the redox reaction occurred. Pu(VI) can easily be reduced to Pu(III), simply by passing through a column packed with OMC particles. In the preliminary column experiments, 0.16 ± 0.01 mmol Pu(VI) per g OMCS consistently reduced to Pu(III), provided that the flow rate did not exceed *3 mL/h. Further work could optimize the columns for the purpose of Pu reduction, and test different solution conditions on the columns. Future work will also investigate the use of OMCs to aid in Pu colloid and precipitate dissolution, as in our exploratory experiments the presence of AC or C-CS yielded a significant increase in the rate of Pu(IV) precipitate dissolution by 1 M HCl.
